Stem cell niches provide resident stem cells with signals that specify their identity. Niche signals act over a short-range such that only stem cells but not their differentiating progeny receive the self-renewing signals 1 . However, the cellular mechanisms that limit niche signaling to stem cells remain poorly understood. Here we show that the Drosophila male germline stem cells (GSCs) form previously unrecognized structures, microtubule-based (MT)-nanotubes, which extend into the hub, a major niche component. MT-nanotubes are observed specifically within GSC populations, and require IFT (intraflagellar transport) proteins for their formation. The BMP receptor Tkv localizes to MT-nanotubes. Perturbation of MT-nanotubes compromises activation of Dpp signaling within GSCs, leading to GSC loss. Moreover, Dpp ligand and Tkv receptor interaction is necessary and sufficient for MT-nanotube formation. We propose that MTnanotubes provide a novel mechanism for selective receptor-ligand interaction, contributing to the short-range nature of niche-stem cell signaling.
close proximity of GSCs and GBs, the ligands (Upd and Dpp) must act over a short range so that signaling is only active in stem cells, but not in differentiating germ cells. The basis for this sharp boundary of pathway activation remains poorly understood.
Using GFP-α1-tubulin84B expressed in germ cells (nos-gal4 > UAS-GFP-αtub), we found that GSCs form protrusions, referred to as MT-nanotubes hereafter, that extend into the hub (Fig. 1b) . MT-nanotubes are sensitive to fixation similar to other thin protrusions reported to date, such as tunneling nanotubes 7 and cytonemes 8 , explaining why they have escaped detection in previous studies. MT-nanotubes appear to be specific to GSCs: we observed 6.67 MT-nanotubes/testes in the GSC population (or 0.82/cell, N=73 testes). The average thickness and length of MT-nanotubes are 0.43±0.29 µm (at the base of MT-nanotube, N=51 nanotubes) and 3.32 ± 1.6 µm (N=82 nanotubes), respectively. These GSC MT-nanotubes are uniformly oriented toward the hub area (Fig. 1c) . By contrast, differentiating germ cells showed only 0.44 MT-nanotubes/testis (or < 0.002/cell, N=75 testes), without any particular orientation when present (Fig. 1c) . MT-nanotubes were sensitive to colcemid, the microtubule-depolymerizing drug, but not to the actin polymerization inhibitor cytochalasin B, suggesting that MT-nanotubes are microtubule-based structures (Extended Data Fig. 1a d, f). MT-nanotubes were not observed in mitotic GSCs (Extended Data Fig. 1e, g ), and GSCs form new MT-nanotubes as they exit from mitosis (Extended Data Fig. 1h and Supplementary Video 1). By contrast, MT-nanotubes in interphase GSCs were stably maintained through up to 1 hour of time-lapse live imaging (Supplementary Video 2). Although cell cycle-dependent formation of MT-nanotube resembles that of primary cilia 9, 10 , MT-nanotubes are distinct structures, in that they lack acetylated microtubules and are sensitive to fixation. Furthermore, a considerable fraction of GSCs form multiple MTnanotubes/cell (54% of GSCs with MT-nanotubes, N=251 GSCs), and MT-nanotubes are not always associated with the centrosome/basal body, as is the case for the primary cilia (Extended Data Fig. 1i ).
To further examine the geometric relationship between MT-nanotubes and hub cells, we imaged MT-nanotubes in combination with various cell membrane markers, followed by 3D rendering. Although the MT-nanotubes are best visualized in unfixed testes that express GFP-αTub in germ cells, adding a low concentration (1µM) of taxol to the fixative preserves MT-nanotubes, allowing immunofluorescence staining. First, Armadillo (Arm, β-catenin) staining, which marks adherens junctions formed at hub cell-hub cell as well as hub cell-GSC boundaries, revealed that adherens junctions does not form on the surface of MTnanotubes (Fig. 1d, Supplementary Video 3) . Using FM4-64 styryl dye, we found that the MT-nanotubes are ensheathed by membrane lipids (Fig. 1e , Supplementary Video 4, 5). Furthermore, myrGFP, a membrane marker, expressed in either the germline (Fig. 1f ) or hub cells (Fig. 1g) illuminated MT-nanotubes, suggesting that the surface membrane of a MTnanotube is juxtaposed to hub cell plasma membrane.
We examined genes that regulate primary cilia and cytonemes for their possible involvement in MT-nanotube formation (Fig. 2a) . RNAi-mediated knockdown of oseg2 (IFT172), osm6 (IFT52) and che-13 (IFT57), components of the IFT-B complex that are required for primary cilium anterograde transport and assembly 11 , significantly reduced the length and the frequency of MT-nanotubes (Fig. 2a, Extended Data Fig. 2b , Table 1 ). Knockdown of Dlic, a dynein intermediate chain required for retrograde transport in primary cilia 12 , also reduced the MT-nanotube length and frequency (Fig. 2a , Extended Data Table 1) . Knockdown of klp10A, a Drosophila homolog of mammalian kif24 (a MT-depolymerizing kinesin of kinesin-13 family, which suppresses precocious cilia formation 13 ), resulted in abnormally thick/bulged MT-nanotubes (Fig. 2a, Extended Data Fig. 2c , Table 1 ). We did not observe significant changes in MT-nanotube morphology upon knockdown of IFT-A retrograde transport genes, such as oseg1 and oseg3 (Fig. 2a , Extended Data Table 1 ). Endogenous Klp10A localized to MT-nanotubes both in wild type testes and GFP-αTub expressing testes (Fig. 2b, Extended Data Fig. 2d, e) . GFP-Oseg2 (IFT-B), GFP-Oseg1, GFP-Oseg3 (IFT-A) and Dlic also localized to the MT-nanotubes when expressed in germ cells (Fig. 2c, Extended Data Fig. 2f-i) . The localization of IFT-A components to MTnanotubes, without detectable morphological abnormality upon mutation/knockdown, is reminiscent of the observation that a majority of the IFT-A genes are not required for primary cilia assembly 14, 15, 16, 17 . Expression of a dominant negative form of Dia (Dia DN ) or a temperature sensitive form of Shi (Shi ts ) in germ cells (nos-gal4 > UAS-dia DN or UASshi ts ), which perturb cytoneme formation 18 , did not influence the morphology or frequency of MT-nanotubes in GSCs (Fig. 2a , Extended Data Table 1 ). Taken together, these results show that primary cilia proteins localize to MT-nanotubes and regulate their formation.
In search of the possible involvement of MT-nanotubes in hub-GSC signaling, we found that the Dpp receptor, Thickveins (Tkv), expressed in germ cells (nos-gal4 > tkv-GFP) was observed within the hub region (Extended Data Fig. 3a) , in contrast to GFP alone, which remained within the germ cells (Extended Data Fig. 3b) . A GFP protein trap of Tkv (in which GFP tags Tkv at the endogenous locus) also showed the same localization pattern as Tkv-GFP expressed by nos-gal4 (Extended Data Fig. 3c ). By inducing GSC clones that coexpress Tkv-mCherry and GFP-αTub, we found that Tkv-mCherry localizes along the MTnanotubes as puncta (Fig. 3a) . Furthermore, using live observation, Tkv-mCherry puncta were observed to move along the MT-nanotubes marked with GFP-αTub (Extended Data Fig. 3d ), suggesting that Tkv is transported towards the hub along the MT-nanotubes. It should be noted that, in the course of our study, we noticed that mCherry itself localized to the hub when expressed in germ cells, similar to Tkv-GFP and Tkv-mCherry (see Extended Data Fig. 3e, f, Supplementary note1) . Importantly, the receptor for Upd, Domeless (Dome), predominantly stayed in the cell body of GSCs (Extended Data Fig. 3g ), demonstrating the specificity/selectivity of MT-nanotubes in trafficking specific components of the niche signaling pathways. A reporter of ligand-bound Tkv, TIPF 19 , localized to the hub region together with Tkv-mCherry (Fig. 3b) , in addition to its reported localization at the hub-GSC interface 19 . Furthermore, Dpp-GFP expressed by hub cells colocalized with Tkv-mCherry expressed in germline (Fig. 3c , dpp-lexA ts > dpp-GFP, nos-gal4 ts > tkv-mCherry). These results suggest that ligand (Dpp)-receptor (Tkv) engagement and activation occurs at the interface of the MT-nanotube surface and the hub cell plasma membrane. Knockdown of IFT-B components (oseg2 RNAi , che-13 RNAi or osm6 RNAi ), which reduces MT-nanotube formation, resulted in reduction of the number of Tkv-GFP puncta in the hub area, concomitant with increased membrane localization of Tkv-GFP (Fig 3d, f, g ). A similar trend was observed upon treatment of the testes with colcemid (Extended Data Fig. 3h, i) , suggesting that MT-nanotubes are required for trafficking of Tkv into the hub area. By contrast, knockdown of Klp10A, which causes thickening of MT-nanotubes, led to an increase in the number of Tkv-GFP puncta in the hub area (Fig. 3d, e, g ). Taken together, these data suggest that Tkv is trafficked into the hub via MT-nanotubes, where it interacts with Dpp secreted from the hub.
Knockdown of klp10A (klp10A RNAi ) led to elevated pMad levels, a readout of Dpp pathway activation, in GSCs (Fig. 4a, b, d, Supplementary note2 ). By contrast, RNAi-mediated knockdown of oseg2, osm6 and che-13 (IFT-B components), which causes shortening of MT-nanotubes, reduced the levels of pMad in GSCs (Fig. 4c, d ). Dad-LacZ, another readout of Dpp signaling activation, exhibited clear upregulation upon knockdown of klp10A (Extended Data Fig. 4a, b) . GSC clones of che-13 RNAi , osm6 RNAi or oseg2 452 were lost rapidly compared to control clones (Fig. 4e, f) , consistent with the idea that MT-nanotubes help to promote Dpp signal transduction 3, 4 . Knockdown of oseg2, che-13 and osm6 did not visibly affect cytoplasmic microtubules (Extended Data Fig. 4d-g ), suggesting that GSC maintenance defects upon knockdown of these genes are likely mediated by their role in MT-nanotube formation. Global RNAi knockdown of these genes in all GSCs using nosgal4 did not cause a significant decrease in GSC numbers (not shown), indicating that compromised Dpp signaling due to MT-nanotube reduction leads to a competitive disadvantage in regards to GSC maintenance only when surrounded by wild type GSCs.
When klp10A RNAi GSC clones were induced, pMad levels specifically increased in those GSC clones, indicating that Klp10A acts cell-autonomously in GSCs to influence Dpp signal transduction ( Fig. 4g-g") . Importantly, klp10A RNAi spermatogonia (SGs) (Fig. 4g-g" , yellow line) did not show a significant elevation in pMad level compared to control SGs (Fig.4 .gg", pink line), demonstrating that Klp10A's role in regulation of Dpp pathway is specific to GSCs. pMad levels did not change in SGs upon manipulation of MT-nanotube formation (Extended Data Fig. 4c ). GSC clones of klp10A RNAi or klp10A null mutant (klp10A 24 ) did not dominate in the niche, despite upregulation of pMad (Extended Data Fig.5 ), possibly because of its known role in mitosis 20 . Importantly, these conditions did not significantly change STAT92E levels, which reflect Upd-JAK-STAT signaling in GSCs 2, 21 , revealing the selective requirement of MT-nanotubes in Dpp signaling (Extended Data Fig. 6 ). Together, these results demonstrate that MT-nanotubes specifically promote Dpp signaling and their role in enhancing the Dpp pathway is GSC specific.
Since cytonemes are induced/stabilized by the signaling molecules themselves 18 , we explored the possible involvement of Dpp in MT-nanotube formation. First, we found that a temperature-sensitive dpp mutant (dpp hr56 /dpp hr4 ) exhibited a dramatic decrease in the frequency of MT-nanotubes (0.067 MT-nanotubes/GSC, N=244 GSCs) and the remaining MT-nanotubes were significantly thinner (Fig. 5a , b, Extended Data Fig. 7a , b, Table 1 ). Knockdown of tkv (tkv RNAi ) in GSCs also resulted in reduced length and frequency of MTnanotubes (Fig. 5a , b, Extended Data Fig. 7c , Table 1 ). Conversely, overexpression of Tkv (tkv OE ) 22 in germ cells led to significantly longer MT-nanotubes (Fig. 5a , b, Extended Data Fig. 7d , Table 1 ). Interestingly, expression of a dominant negative Tkv (tkv DN ), which has intact ligand-binding domain but lacks its intracellular GS domain and kinase domain resulted in thickening of MT-nanotubes, rather than reducing the thickness/length (Fig. 5a , b, Extended Data Table 1 ). This indicates that ligand-receptor interaction, but not downstream signaling events, is sufficient to induce MT-nanotube formation. Strikingly, upon ectopic expression of Dpp in somatic cyst cells (tj-lexA > dpp), spermatogonia/ spermatocytes were observed to have numerous MT-nanotubes ( Our study shows that previously unrecognized structures, MT-nanotubes, extend into the hub to mediate Dpp signaling. We propose that MT-nanotubes form a specialized cell surface area, where productive ligand-receptor interaction occurs. In this manner, only GSCs can access the source of highest ligand concentration in the niche via MT-nanotubes, whereas GBs do not experience the threshold of signal transduction necessary for selfrenewal, contributing to the short-range nature of niche signaling. In summary, the results reported here illuminate a novel mechanism by which the niche specifies stem cell identity in a highly selective manner.
Online-only Methods

Fly Husbandry and Strains
All fly stocks were raised on standard Bloomington medium. The following fly stocks were used: 18 ; dpp-lexA (LHG) 23 ; lexAop-dpp 23 ; UAS-shi ts , 18 ; UAS-dia RNAi , 18 and UAS-tkv DN 2dGSK-3D2 18 are generous gifts from Thomas Kornberg and Sougata Roy. dadlacZ (FBti0009617) is a kind gift from Ting Xie. UAS-tkv-GFP transgene 22 was a kind gift from Avidal Rodal. tkv-GFP protein trap line (CPTI-002487) is a kind gift from Brian McCabe. dpp loss of function alleles (dpp hr4 and dpp hr56 ) 24, 25 are kind gifts from Allan C. Spradling and Theodor E. Haerry, respectively. oseg2 452 , a null allele of oseg2, is a kind gift from Avidor-Reiss, T) 26 . klp10A 24 null clones were generated by FLP-FRT-mediated removal of the rescue transgene in the background of klp10A null mutation on the X chromosome: klp10A 24 27 . P[acman]BAC (CH322-03M08) transgenic flies were generated using strain BDSC24483 by PhiC31 integrase-mediated transgenesis (BestGene, Inc.). Flies were heatshocked at 37°C for 1 hour twice a day for 3 days and dissected after indicated time.
10XUAS-IVS-myr::GFP (BDSC32197), upd-gal4 (BDSC26796), UAS-GFP -αtub-(BDSC7253 or BDSC7373); UAS-dpp-GFP (BDSC53716); UAS-mCherry (BDSC35787) and hs-bam (BDSC24636) were obtained from Bloomington Stock Center. UAS-TIPF 19 ; UAS-tkv-mCherry
RNAi screening of candidate genes for MT-nanotube morphology/function was performed by driving UAS-RNAi constructs under the control of nos-gal4 (see below for validation method). Control crosses for RNAi screening were designed with matching gal4 and UAS copy number using TRiP background stocks (Bloomington Stock Center BDSC36304 or 35787). Expression of Dpp under the dpp-lexA (LHG) driver or tj-lexA driver (Bloomington Stock Center, BDSC54786) with tub-gal80 ts (denoted as dpp-lexA ts or tj-lexA ts , respectively) was performed by culturing flies at 18°C to avoid lethality during development and shifted to 29°C upon eclosion for 24 hours before analysis. For shi ts expression, nosgal4 > UAS-shi ts flies cultured at 18°C were shifted to 29°C upon eclosion for 24 hours before analysis. dpp hr56 /CyO; nos-gal4, UAS-GFP-αtub females were crossed with dpp hr4 /SM6 males at permissive temperature (18°C) and shifted to restrictive temperature (29°C) upon eclosion for 24 hours before analysis. nos-gal4 ts (see below for transgenene construction) was used to achieve temporal control of UAS-tkv-mCherry to obtain similar expression level to dpp-lexA ts > LexAop-dpp-GFP for co-localization analysis and quantification of Tkv-GFP puncta. Temperature shift (29°C) was performed upon eclosion for 72 hours before analysis. Expression of UAS-dome-EGFP 28 (a kind gift from Stéphane Noselli) was performed at 18°C with nos-gal4 without VP16 (see below for transgene construction). Other fly crosses were performed at 25°C. Control experiments were conducted with matching temperature-shift schemes. For clonal expression of Tkv-mCherry and GFP-αTub, hs-FLP; nos-FRT-stop-FRT-gal4, UAS-GFP 29 females were crossed with UAS-tkv-mCherry, UAS-GFP-αtub males and heat shocked at 37°C for 20min and observed 24hours after heat shock. A strong tkv RNAi (TRiP.HMS02185, Bloomington Stock Center BDSC40937) lead to complete loss of germ cells, while a weak knockdown (TRiP.GL01538, Bloomington Stock Center BDSC43194) maintained germ cells partially and was utilized for this study. Other stocks utilized in this study are listed in Extended Data Table 1 .
Transgene construction
For constructions of UAS-dlic-GFP, UAS-dlic-VN and UAS-klp10A-VN, open reading flames
were amplified from whole testis cDNA pool using polymerase chain reaction (PCR) with following primer pairs: For dlic: 5'-ctagatctctcaaaatggcgatgaacagtgggacgcaa-3' and 5'-aactcgagacactcactctgcgacatgtcaattttcacac-3'. These primers amplify BglII-Kozak sequencedlic-XhoI fragment. For klp10A: 5'-ctagatctctcaaaatggacatgattacggtgg-3' and 5'-aactcgagacgcttgccattcggcgaattg-3'. These primers amplify BglII-Kozak sequence-klp10A-XhoI fragment. (BglII and XhoI sites are indicated by underline.) Amplified fragments were sequenced for validation and subcloned into BglII/XhoI sites of pUAST-EGFP-attB 29 or pUAST-VenusN-attB vector (Containing N-terminal half portion of Venus instead of GFP). pUAST-VenusN-attB vector was constructed as follows. N-terminal half portion of Venus cDNA was amplified using primers, XhoI (underlined)-RSIAT (linker peptide, lower case)-Venus-F; 5'-AACTCGAGagatccattgcgaccATGGTGAGCAAGGGCGA-3' and KpnI (underlined)-Venus-R; 5'-TCGGTACCTTAGGTGATATAGACGTTGTGGCTGATGTAGT-3' and subcloned into XhoI/KpnI sites of pUAST-attB vector 30 . Transgenic flies were generated using strain BDSC24749 by PhiC31 integrase-mediated transgenesis (BestGene, Inc.). UAS-dlic-VN and UAS-klp10A-VN were used when GFP fluorescent was not necessary or undesirable. UASklp10A RNAi (dsRNA HMS00920) target sequence is within 5' UTR of the gene and is not present in UAS-klp10A-VN construct, thus this transgene was used to rescue RNAi induced phenotypes (Extended Data Table 1 ).
To construct nos-gal4 without VP16, Scer\GAL4 cDNA was amplified from the pG4PN-2 vector (a kind gift from Cheng-Yu Lee) using the following primers: NdeI (underlined)-Kozak-gal4 ORF-F: 5'-aagcatatggtcaacatgaagctactgtcttctatc-3' and EcoRI (underlined)-gal4 ORF-R: 5'-tactcgaattcttactctttttttgggtttgg-3'. NheI-BamHI flanked the 3.13-kb fragment from pCSpnosFGVP (containing the nanos 5'UTR-ATG (NdeI-start codon); the gal4-VP16-nanos 3' UTR, a kind gift from Elizabeth R. Gavis) was subcloned into the NheI-BamHI site of the pUAST-attB vector 30 . NdeI-EcoRI flanking gal4-VP16 cassette was replaced by the NdeI-EcoRI-digested PCR fragment of Scer\GAL4 cDNA. Transgenes were introduced into the BDSC24482 strain using PhiC31 integrase-mediated transgenesis (BestGene Inc.). nosgal4 without VP16 is used in combination with temperature-sensitive gal80 (tubulin-gal80 ts ) denoted as nos-gal4 ts to distinguish it from nos-gal4-VP16 31 , which has been often referred to as nos-gal4.
Live imaging
For visualizing MT-nanotubes in unfixed samples, testes from newly eclosed flies (nos-gal4 > UAS-GFP-αtub) were dissected in 1ml of pre-warmed Schneider's Drosophila medium supplemented with 10% fetal bovine serum and Glutamine-Penicillin-Streptomycin. Cytochalasin B (10µM, Sigma-Aldrich) or colcemid (250µM, Sigma-Aldrich) were added to the media and incubated at room temperature for 90 minutes. Hoechst 33342 (2µg/ml) were added as necessary and incubated at room temperature for 30minutes. Testes were washed twice with phosphate-buffered saline (PBS) prior to imaging. For MT-nanotube membrane visualization, testes were dissected in PBS and FM4-64FX Lipophilic Styryl Dye (5µg/ml, Molecular Probes) was added 1min prior to analysis. Imaging was performed in the presence of dye within 15min.
For time-lapse live imaging, testes were placed on a drop of medium on a microscope slide with coverslip spacers on both edges, and another coverslip was placed on top. Time course images of the areas around hub were taken once every minute or every 5 minutes for 60 minutes using a Zeiss LSM700 confocal microscope with a 40× oil immersion objective (1.4NA). 4D data sets (xyzt) were processed using Image J 32 .
Immunofluorescent Staining
Testes were dissected in PBS and fixed in 4% formaldehyde in PBS for 30 minutes. To preserve MT-nanotubes during fixation, taxol (1µM) was added to 4% formaldehyde/PBS solution. For anti-α-Tubulin staining, testes were fixed in 90% methanol, 3% formaldehyde for 10 min at −80°C. Fixed testes were briefly rinsed for 3 times and permeabilized in PBST (PBS + 0.3% TritonX-100) at room temperature for 1 hour, followed by incubation with primary antibody in 3% bovine serum albumin (BSA) in PBST at 4°C overnight. Samples were washed three times for 20 minutes in PBST, incubated with secondary antibody in 3% BSA in PBST at room temperature for 2 to 4 hours, and then washed for 60 minutes (three times 20 minutes) in PBST. Samples were then mounted using VECTASHIELD with 4',6-diamidino-2-phenylindole (DAPI). The primary antibodies used were as follows: mouse anti-γ-tubulin (1:500; GTU-88, Sigma), rabbit anti-β-galactosidase (1:500, Abcam), rabbit anti-Klp10A . Guinea pig anti-STAT92E was generated using the synthetic peptide Ac-CSGTPHHAQESMQLGNGDFGMADFDTITNFENF-amide (Covance) and used at a dilution of 1:2000. STAT92E antibody was validated by immunofluorescent staining of nos-gal4 ts > stat92E RNAi (Bloomington stock center, BDSC35600 and BDSC33637, data not shown). Guinea pig anti-Klp10A was generated as described previously 33 (Covance) and used at a dilution of 1:2000. AlexaFluor-conjugated secondary antibodies were used at a dilution of 1:400. Images were taken using a Zeiss LSM700 confocal microscope with a 40× oil immersion objective (NA=1.4), or a Leica TCS SP8 confocal microscope with a 63× oil-immersion objective (NA=1.4) and processed using Image J 32 and Adobe Photoshop software. 3d rendering was performed by imaris software.
Mosaic analysis and clonal knockdown
oseg2 452 homozygous clone were generated by FLP/FRT mediated mitotic recombination 34 . Adult hs-flp, tub-gal4, UAS-GFP;; tub-gal80, 2AFRT/oseg2 452 , 2AFRT males were heatshocked at 37°C for 1 hour twice a day for 3 days. hs-flp, tub-gal4, UAS-GFP;; tub-gal80, 2AFRT/2AFRT flies were used as controls. Testes were dissected indicated time after clone induction. The number of testes containing any GFP-positive oseg2 452 29 with UAS-che-13 RNAi , UAS-osm6 RNAi or UAS-klp10A RNAi flies were heat-shocked at 37°C for 30min. Testes were dissected at indicated time after clone induction. The percentage of GFP-positive GSC was determined. The means ± standard deviations from 2≤ independent experiments were plotted to the graph.
homozygous clones was determined. For RNAi clonal analysis, hs-flp; nos-FRT-stop-FRT-gal4, UAS-GFP
Quantification of pMad and STAT92E intensities
For pMad quantification, integrated intensity within the GSC nuclear region was measured for anti-pMad staining and divided by the area. To normalize the staining condition, data were further normalized by the average intensities of pMad from 4 cyst cells (CCs) in the same testes, and the ratio of relative intensities were calculated as each GSC/average CC. For STAT92E quantification, intensity within the GSC nuclear region was measured for anti-STAT92E staining and divided by the area. Data were normalized by DAPI signal intensities. The means ± standard deviations were plotted to the graph for each genotype.
Quantitative RT-PCR to validate RNAi-mediated knockdown of genes
nos-gal4 and c587-gal4 double driver females were crossed with males of indicated RNAi lines. Testes from 50 male progenies, age 0-2 days old, were collected and homogenized by pipetting in TRIzol Reagent (Invitrogen) and RNA was extracted following manufacturer's instruction. 1µg of total RNA was reverse transcribed to cDNA using SuperScript® III FirstStrand Synthesis SuperMix (Invitrogen) with Oligo (dT) 20 Primer. qPCR was performed, in triplicate, using Cybergreen Applied Biosystems Gene Expression Master Mix on an CFX96 Real-Time PCR Detection System (Bio-Rad). Control primer for αtub84B (5'-TCAGACCTCGAAATCGTAGC-3'/5'-AGCAGTAGAGCTCCCAGCAG-3') and experimental primer for oseg1 (5'-TGATCATTCAGCACCTGATCTC-3'/5'-CGCCAGTCGATTCCGATAAA-3'), oseg2 (5'-TCTGAACGAGCGAGGAAATG-3'/5'-CCACTGGTCATCCTGCTAATC-3'), oseg3 (5'-ACTGGTTCTCGCAGGTAAAG-3'/5'-TAATGCCTCGCCAAGTGATAG-3'), osm6 (5'-CTTCCATCCCAAGGAGTGTATC-3'/5'-CTTCTCGTCACTGAAATCGTAGT-3'), che-13 (5'-GATGGAGCAGGAGCTGAAA-3'/5'-GGTCGGTGGTTTGGTTCT-3'), tkv (5'-GCCACGTCTCATCAACTCAA-3'/5'-CTTTGCACCAGCAATGGTAATC-3') were used. Relative Quantitation was performed using the comparative CT method (ABI manual).
Statistical analysis and graphing
Statistical analysis and graphing were performed using Microsoft Excel 2010 or GraphPad prism 6 software. Data are shown as means ± standard deviation. The P-value (two-tailed Student's t-test) is provided for comparison with the control shown as *P ≤ 0.05; **P ≤ 0.01; *** P ≤ 0.001; n.s.: non-significant (P > 0.05). MT-nanotube orientation was measured as the angle between the two lines using image J 32 : one formed by connecting germ cell center to hub center and the other formed by MT-nanotube. Each angle was plotted to Wind Rose graph by Origin 9.1 software (OriginLabs). > UAS-tkv-GFP, UAS-tkv-mCherry) colocalize in the hub (arrowheads). g) An apical tip of the testis expressing Dome-GFP in germ cells (nos-gal4 > dome-GFP raised at 18°C to reduce the expression level). h, i) Tkv-GFP localization in control (h, DMSO) or colcemid (i) treatment, revealing Tkv-GFP's localization to the GSC cortex upon perturbation of MTnanotubes. Hub is indicated by dotted hemi or full-circle. Bar: 10µm. Fig. 4 . Effect of RNAi-mediated knockdown of IFT components on Dpp signaling and cytoplasmic microtubules a, b) Dad-LacZ staining was undetectable in control GSCs (a) but was enhanced in klp10A RNAi (b) GSCs. c) Quantification of pMad intensity in the 2 cell-or 4 cellspermatogonia (SG) of indicated genotypes. Graph shows average value and standard deviations. n=30 GSCs were scored from 10≤ testes from 2≤ independent crosses for each data point. d-j) Cytoplasmic microtubule patterns stained with anti-αTubulin antibody upon RNAi-mediated knockdown of indicated genes (d-h) or colcemid treatment.for 90min (i). In control as well as upon knockdown of IFT-B components, cytoplasmic MTs, visible as fibrous cytoplasmic patterns, were not visibly affected, whereas colcemid treatment disrupted cytoplasmic MTs. klp10A knockdown led to hyper stabilization of cytoplasmic MTs (h). Hub is indicated by the asterisk (*). P values from t-test are provided as n.s.: nonsignificant (P > 0.05). Bar: 10µm. 24 null clones in b). GFP-positive GSC clones did not decrease compared with day3), excluding the possibility that klp10A 24 null GSC clones were lost due to unrelated mutation(s) on the histoneGFP, 42DFRT chromosome. (a-c) Indicated numbers of GSCs were scored for each data point from 2≤ independent crosses. d) A representative image of a testis with klp10A 24 null clones. klp10A 24 null germ cells determined by anti-Klp10A staining were encircled by white broken lines. Hub is indicated by the asterisk (*). Bar: 10μm. Average value and standard deviations are plotted in graphs. P values from t-test are provided as *P ≤ 0.05; **P ≤ 0.01; *** P ≤ 0.001; n.s.: non-significant (P > 0.05).
Extended Data
Extended Data Fig. 6. STAT92E level is not affected by modulation of MT-nanotube formation a-c) Double staining of STAT92E and phospho-Mad (pMad) in control (a), klp10A RNAi (b) and oseg2 RNAi (c) testes. Hub is indicated by the asterisk (*). GSCs (and GBs that are still connected to GSCs) are circled by dotted line. d) Quantification of STAT92E intensity. n=30 GSCs from > 5 testes from 2 independent crosses were scored for each data point. Average value and standard deviations are shown. P values from t-test are provided as n.s.: non-significant (P > 0.05). Fig. 7 . Dpp pathway is required for the MT-nanotube formation dpp hr56 /dpp hr4 (a) or dpp hr56 /CyO (b) testes expressing GFP-αTub in germ cells (nos-gal4 > GFP-αtub) at restrictive temperature. c, d) MT-nanotube formation upon knockdown (c) or overexpression (d) of Tkv visualized by GFP-αTub. e) Ectopic MT-nanotube formation in SGs upon expression of Dpp in somatic cyst cells. e') Magnified view of a squared region of e. Arrowheads indicate ectopic MT-nanotubes, Hub is indicated by the asterisk. Bar: 10µm.
Extended Data Table 1 Effects of primary cilium or cytoneme genes on MTnanotube formation UAS-transgenes were driven by nos-gal4 with UAS-GFP-αtub. P values from t-test are provided as *P ≤ 0.05; **P ≤ 0.01; *** P ≤ 0.001; n.s.: non-significant (P>0.05). Arrows were shown based on the significances (P ≤ 0.05).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Table 1 ) from 2≤independent crosses were scored for each data point. P values from t-test are provided as *P ≤ 0.05; **P ≤ 0.01; *** P ≤ 0.001. b) Examples of MT-nanotubes stained by anti-Klp10A antibody in GFP-αTub-expressing testis. c) Apical testis tip expressing GFP-Oseg3 in germ cells. MTnanotube is indicated by brackets. GSCs are indicated by blue lines. Hub is indicated by the asterisk. Bar: 10µm. 
UAS-GFP, UAS-GFP-αtub, UAS-tkv-mCherry)
. b) An apical tip of the testis expressing TIPF and Tkv-mCherry in germ cells. Arrowheads point to a few of colocalizing puncta. c) An apical tip of the testis expressing Dpp in the hub and Tkv in germ cells (dpplexA ts > dpp-GFP, nos-gal4 ts > tkv-mCherry). g-k) Tkv-GFP expressed in control (d), klp10A RNAi (e), oseg2 RNAi (f) germ cells (nos-gal4 ts > UAS-tkv-GFP, UAS-RNAi). Black and white of micrograph was inverted for better visibility of Tkv localization to the hub and plasma membrane. g) Average number and standard deviations of Tkv-GFP puncta within hub area/testis for indicated genotypes. N=15 testes from 2≤ independent crosses were scored. P values from t-test are provided as *P ≤ 0.05; **P ≤ 0.01; *** P ≤ 0.001. Bar: 10µm. Fig. 4 . MT-nanotubes are required for Dpp signaling activation and GSC maintenance a-c) Phosphorylated Mad (pMad) staining in control (a), klp10A RNAi (b) and oseg2 RNAi (c) testes. pMad signal in somatic cyst cells (arrowheads), which remains unaffected by germcell specific modulation of MT-nanotube components, was used to normalize pMad levels in GSCs. d) Quantification of pMad intensity in the GSCs of indicated genotypes. Indicated numbers of GSCs (Extended Data Table 1 ) from 2≤ independent crosses were scored for each data point. e, f) Maintenance of che-13 RNAi , osm6 RNAi (e) and oseg2 452 (f) mutant GSC clones. Indicated numbers of GSCs (Supplementary Table 1 ) from 2≤ independent experiments were scored for each data point. g) A klp10A RNAi GSC clone (72 hours after clone induction, blue circle) with a higher pMad level, compared to control GSCs (white circle). klp10A RNAi SG clone (yellow circle) and control SG clone (pink circle) have similar pMad levels. Hub is indicated by asterisks. Bar: 10µm. Average value and standard deviations are shown in each graph. P values from t-test are provided as *P ≤ 0.05; **P ≤ 0.01; *** P ≤ 0.001; n.s.: non-significant (P > 0.05). 
